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Abstract 
This research explores the processes and geologic influences on buoyancy-dominated flow for CCS applications. Initially some 
justification is provided for the focus on such processes. This is accomplished via observations from the injection flow behavior
at the well-documented Sleipner site as well as from some simple flow modelling that focuses on the distinction between 
overpressure, pressure gradient, and flow velocity. The paper concludes with a presentation of results from invasion percolation
models of natural 2D geologic specimens at high resolution, emphasizing the important control small-scale heterogeneity can 
have on bulk saturation. 
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1. Introduction 
Geologic Carbon Storage (GCS) field projects have resulted in observations that provide vital information for 
identifying key outstanding research needs. Specifically, many observations suggest that our understanding of 
subsurface CO2 flow remains incomplete and they raise important questions regarding the flow physics and crucial 
influence of heterogeneity at the meso-scale (here defined as cm- to m-scale). Heterogeneity here includes variable 
grain-size (porosity, permeability, threshold pressure), depositional fabric (sedimentary structures and bedforms), 
and mineralogy (mechanical and fracture aspects are not addressed here). While such heterogeneity is known to be 
influential in hydrocarbon production, the economics of those activities suggest that heterogeneity is currently 
represented adequately (both conceptually and numerically) at reservoir scales for profitability. Both our inadequacy 
in understanding the processes as well as our inability to correctly represent the details at meso-scale are necessarily 
smoothed over by a host of useful conceptualizations developed over decades: geostatistics, upscaling, object-
oriented modeling, REV, etc. These same techniques have been applied to GCS to date with variable but notably 
limited success. Simply put, GCS is not hydrocarbon production in reverse; the subsurface geologic details matter 
more for GCS. This is primarily due to the dominance of buoyancy-driven multi-phase flow over viscous pressure-
gradient flow because substantial pressure gradients (not to be confused with wide-spread injection overpressures) 
are localized to injection wells. The majority of many storage domains are likely to be volumetrically dominated by 
buoyancy/capillary-dominated flow (See sections 2 and 3). GCS will therefore require far more focus on meso-
science to achieve the required injection rates, storage efficiency, and control of unexpected behavior. Deeper 
understanding of flow processes at the meso-scale requires new modeling and simulation capabilities that have 
frankly not been needed in such detail or urgency until now. 
The influence of natural rock property heterogeneity (i.e. permeability, porosity, threshold pressure) as a result of 
depositional processes can be significant, as demonstrated by core flooding experiments[1]. Simulations that ignore 
influences of such heterogeneity at native resolution (i.e. no numerical up- or down-scaling) have the potential to be 
quite misleading with regard to final saturations[2], and therefore ultimate CO2 dissolution, capacity, and migration 
distance. Capturing such fine detail of sedimentary fabrics (e.g. ripple laminations, cross-bedding) is traditionally 
challenging, as cores from wells are generally too narrow to completely represent these features. Laboratory 
simulations are also quite difficult on volumetric specimens larger than core scale. Numerical models of reservoirs 
are typically gridded at coarse resolutions (typically tens of meter-scale) to allow for traditional multi-phase flow 
simulation (e.g. CMG-GEM, Eclipse, etc.).  
For this reason, we focus on realistic sedimentary architectures at scales large enough to capture the 
representative elementary volume, but at resolution that far exceeds the computational capability of typical multi-
phase flow simulators (i.e. tens of millions of cells in cubic meters of material). We start by exploring 2D 
depositional architectures (mm to cm laminae scale) at scales larger than core specimens and smaller than reservoir 
grid block. Flow in these models can subsequently be efficiently simulated using invasion percolation techniques. By 
documenting the characteristic CO2 saturation resulting from buoyant fluid migration of a wide range of such 
materials with known depositional processes tied to geologic facies understanding, a predictive saturation theory can 
be developed. That is, we develop a predictive theory by determining the characteristic saturation behavior (percent 
CO2 saturation at percolation) of materials with defined grain size distribution (mean and range; which relates to 
threshold pressure via documented conversions) and the horizontal and vertical correlation lengths of depositional 
fabrics. Such a comprehensive theory would be transformative for predicting the range of expected saturations of 
diverse natural materials under buoyant fluid migration, and the attendant capacity accounting for the effects of local 
capillary trapping[3]. In particular, it would allow a library of facies typically encountered (and described by 
geologists from core and log analyses) to be used as a reference for larger rock volumes, essentially benchmarking 
typical computational grid sizes at reservoir scale with demonstrated saturations resulting from fine-scale 
depositional heterogeneity. These results can then be used for evaluating the bulk saturation properties of reservoir-
scale model cells, which are typically many tens to hundreds of meters but lacking in internal bedform architectures. 
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2. The Sleipner Example 
Most researchers in CO2 storage are by now quite familiar with the Sleipner CO2 storage project. Good 
summaries are available for the project details: e.g. reservoir geology[4-5], seismic imaging[6-7], and reservoir flow 
and simulation[8-9]. Salient geologic details are that the Utsira Formation is extremely permeable (Multi-Darcy) and 
very thick (2-300 m).   
The most striking observation from the Sleipner Project has been the layered anomalies associated with time-
lapse (4D) seismic imaging. The appearance of multiple (7) layers led to much discussion of flow processes and 
geologic influences at the site, with the most recent summary[8] arguing that the site is primarily characterized by 
buoyancy-dominated flow interacting with intra-formational baffles related to facies variability (finer grained 
lenses) that was not apparent in pre-injection seismic data at the resolution collected. Much discussion has 
surrounded the applicability of results from such a shallow and permeable geology to other sites. However, it seems 
clear that in such a permeable and thick formation as the Utsira, pressure gradients are minor and buoyancy and 
capillary forces are dominant. This understanding has led to more accurate predictions of future plume evolution. 
3. A Simple Numerical Example 
The dominant bias in reservoir simulation emphasizes pressure-gradient driven (Darcy) flow at the expense of 
small-scale capillary processes. This is for historical reasons associated with reservoir simulator development in the 
context of hydrocarbon production resulting from large pressure gradients over short inter-well distances and 
relatively short time scales in large grid blocks. With respect to CCS, it is informative to use those traditional flow 
simulation techniques to focus on aspects of the flow regime that are typically assumed in most standard 
hydrocarbon production simulations – those of relatively large pressure gradients and fast flow velocities.  
The reservoir model permeability field is shown in Fig. 1, and the positions of three hypothetical horizontal 
injection wells are illustrated with the white lines. For simplicity of presenting the fundamentals of this example, a 
single brine phase model is presented. A simple overpressure scenario due to brine injection at the wells is generated 
(Fig. 1 center), and the attendant flow velocity field is overlain for comparison to the permeability field. 
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Fig. 1. A generic reservoir model (cell size 50x50 m; domain 3x6 km) with permeability field (left; range 10 (blue) to 10,000 mD (red)) and three 
injectors (horizontal white lines). Center: Overpressure field generated from a hypothetical injection. Note quasi-radially overpressure 
distribution shown by contours. Right: Single-phase flow velocity field (red vectors). Compare flow vector lengths with permeability field and 
note that some high velocities occur in lower overpressure regions, and some low velocities occur in high overpressure regions.
Most who work with flow simulation will not be surprised by the strong influence that permeability distribution has 
on flow velocity. The potentially non-intuitive observation is that different flow velocities can occur within the same 
overpressure regime. This is a strong reflection of Darcy’s Law, for which pressure and permeability field are 
primary inputs. What is less intuitive is that the pressure gradient is altogether different that overpressure. Although 
it is the pressure gradient that appears in Darcy’s Law, it is not often visualized, but is presented in Fig. 2 (center). 
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Fig. 2. Same generic reservoir model as Fig. 1. Center: Pressure gradient (colorbar) generated from a hypothetical injection. Note rapid decay 
away from well and majority of reservoir away from wells has a gradient around 10 kPa/m (~0.44 psi/ft), which is equivalent to a local vertical 
hydrostatic water gradient. Right: Visual integration of overpressure (contours), pressure gradient (colorbar) and flow velocity (red vectors). Note 
the complexity and perhaps non-intuitive patterns. 
The most striking observation is that the pressure gradient is really only strong near the injection wells, and decays 
extremely rapidly away from them (in this case within 50 to 200 meters). The pressure gradient for most of the 
domain is quite similar to vertical hydrostatic gradients. This means that buoyant fluids are ambivalent with respect 
to which pressure gradient (vertical or horizontal) they should respond too. Furthermore, looking closely at the flow 
velocity field (Fig. 3), it becomes clear that the flow velocities are so low for much of the domain that the dominant 
physical processes related to flow are not a function of pressure gradient, but of capillarity, and this suggests the 
domain is probably best simulated with emphasis on those processes (which are typically discounted in Darcy flow). 
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Fig. 3. Same velocity field as Fig. 1. but now with background color scale (m/yr). Figure rotated 90 degrees clockwise to facilitate larger image 
size. The white contour is for 120 m/yr flow velocity. Flow rates <120 m/yr are < 3.5 mm/sec, and consistent with capillary numbers around 1E-
04. Such low values (the majority of the domain) suggest a more pronounced role for capillary processes that would traditionally be appreciated. 
4. CO2 Saturations in 2D heterogeneous Geologic Fabrics 
Given the potentially non-intuitive conclusions of section 3 with respect to the importance of buoyancy-
dominated flow, we here focus on flow patterns generated considering highly-resolved heterogeneity in threshold 
pressure. The methods for model generation and subsequent IP simulation are described in Meckel (2013)[10]. The 
natural geologic models are resolved at the depositional scale and hence require no interpolation methods for the 
threshold pressure value assignments. The domains are constructed from 2D physical geologic relief samples of 
vertically-oriented fluvial sediment exposures. Specimen #1 (~1 m × 0.5 m sample) is oriented perpendicular to 
dominant depositional flow while specimen #2 (~0.4 m × 0.6 m sample) is a flow-parallel specimen. The specimens 
consist of small-ripple-laminated, mainly poorly sorted, very fine- to fine-grained sands interbedded with thinner-
bedded, finer-grained sand- and silt-bearing layers that are more common in swales. These sediments are known to 
be deposited during slack flood events that are oversupplied with fine sediment fractions, and are typical of many 
clastic reservoirs resulting from terrestrial fluvial depositional processes. 
Simulations of non-wetting phase CO2 invasion in the two specimen models are shown in Figure 7, which 
highlights capillary channels of CO2 migrating preferentially through regions of lower threshold pressure defined by 
depositional fabrics (i.e. ripple laminations). The percentage of the domain saturated with CO2 is 2.9% and 5.0% for 
specimen # 1 and # 2 respectively. 
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Fig. 4. Invasion percolation simulations of natural 2D geologic specimens. The greyscale represents threshold pressure over the ranges shown in 
the histograms. The red color shows CO2 flow pathway, highlighting th every low bulk saturations that may result from flow dominated by 
buoyancy and capillary-dominated flow regimes at these scales. Typical reservoir simulators underemphasize the importance of this, and are 
subject to overestimate saturation in large grid blocks defined by end point saturations from relative permeability curves. 
5. Summary 
For historical reasons, capillary and buoyancy-dominated flow is perhaps underappreciated in CCS settings. This 
is despite field evidence and investigation of perhaps non-intuitive expression of overpressure, pressure gradient, 
and flow velocity in a complex permeability field. High-resolution models of buoyancy-dominated flow using 
invasion percolation processes in natural 2D geologic specimens suggests that depositional fabrics may strongly 
influence local capillary trapping and bulk saturation, to degrees that standard reservoir simulators that emphasize 
Darcy flow physics would not predict. 
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